Recently reported results on the behaviour of the tungsten under conditions expected in the Neutrino Factory target have strengthened the case for a solid target option for the Neutrino Factory. This paper gives a description of the measurements of the surface motion of tungsten wires, stressed by a pulsed current, using a Laser Doppler Vibrometer in order to measure tungsten properties at high temperature and high stress. The experimental results have been compared with modelling results, and the results of previous lifetime tests have been confirmed.
Introduction
Extensive Neutrino Factory R&D is underway around the world on a number of fronts. R&D on the target is particularly important because it could be a potential showstopper. The UK programme of high power target developments for a Neutrino Factory [1] is centred on the study of high-Z solid materials (tungsten, tantalum). The magnitude of thermal stress on the target is the main issue for solid targets. In order to make thermal shock measurements on tantalum and tungsten samples it would be best to do a 6 Work supported by Science and Technology Facilities Council (UK).
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lifetime test on a real size target in a beam over several years. However, beams of the required power are not readily available for any length of time.
Hence, it was decided to pass a fast, high current pulse through a thin wire made of the candidate materials. Extensive lifetime/fatigue tests have been performed with idea to count the number of current pulses before the wire visibly deteriorates [2] . These measurements are made at temperatures up to 2000 K. The stress on the wire is calculated and compared to the stress expected in the target using the finite element code LS-DYNA [3] . It has been found that tantalum is too weak to sustain prolonged stress at these temperatures but a tungsten wire has reached over 26 million pulses (equivalent to 10 years of operation) at the stress expected in the target. This paper concentrates on measurements of wire surface motion during the pulsing using a laser interferometry technique. The main goal of the experiment is to measure tungsten properties as a function of applied stress and temperature, as well as to check the modelling results and, hopefully, to confirm the results of previous lifetime tests.
Experimental setup
A thin wire is necessary to allow the current to diffuse into the centre of the wire in a sufficiently short time for the shock to be effective. For tungsten, the wire cannot be greater than ∼ 0.75 mm in diameter. A power supply for the ISIS [4] kicker magnets is being used, supplying a maximum of 60 kV and 9200 A at up to 50 Hz in a pulse which rises in 100 ns and is ∼ 800 ns long. The wires, of 3 − 5 cm length, are supported in a vacuum chamber to avoid oxidation (see Figure 1a) . One end of the wire is firmly clamped, while the other end is allowed to expand freely through a pair of graphite (or copper) conductors that lightly clamp the wire (see Figure 1b) . The wire is operated at temperatures from 300 to 2500 K by adjusting the pulse repetition rate. The wire temperature is measured by a manually operated optical pyrometer.
The current pulse and LS-DYNA modelling
The shape of the current pulse is shown in Figure 2 (dotted line). After the first pulse (∼ 1µs long) there is a series of reflections that last up to 5µs. In order to calculate energy density and temperature rise across the wire the analytic current penetration formula was used. The idea of this procedure was to obtain a good fit of the measured current pulse shape. Assuming that an electric field E z is applied across the conductor of radius a, the corresponding diffusion equation can be obtained by using Maxwell's equations. If the waveform of the electric field is exponential (as expected in the case of the first pulse shown in Figure 2 ): E z = E z0 (1 − e −γt ) with time constant t 0 = 1/γ, the solution of the diffusion equation has the form:
where β n are the roots of the Bessel functions of the first kind, J 1 ( * ) and J 0 ( * ) are the corresponding Bessel functions, κ = 1/µ 0 σ with µ 0 being the permeability of free space and σ is the electrical conductivity. Similar equation can be obtained if the electric field increases with time linearly [5] (as in the case of the third pulse shown in Figure 2 ). These equations and the results of measurements of the voltage waveform were used to obtain the current density j(r, t) distribution across the wire (and the current waveform) as a function of time. It is seen in Figure 2 that the calculated current (full line) is very close to the measured current waveform (dotted line). After confirming that analytic current penetration formula describes nicely the experimental results we have used it to produce the input needed for LS-DYNA calculations: the temperature rise across the wire (proportional to the integral of the j 2 ) and the Lorenz force from the magnetic field produced by the current passing through wire.
In the LS-DYNA calculations, the geometry of cylindrical wire was meshed with a 3D element type 164 (LS-DYNA Explicit Solid) or corresponding 2D element type. The empirical 'Temperature Dependent Bilinear Isotropic Model' was used as the material model. This is a model that uses two temperature-dependent slopes to represent the experimental data on the material stress-strain curve.
Laser Doppler Vibrometer
The Laser Doppler Vibrometer (LDV) employs a helium neon laser (characteristic wavelength of 632.8 nm). Its beam is split into a reference beam and a measurement beam and the measurement beam is pointed onto the surface of the measuring object. When laser light is reflected from a moving surface, the frequency of the reflected light is Doppler-shifted and the frequency change is directly proportional to the velocity of the moving surface. Additionally, the displacement signal can be extracted from the phase shift of the reflected light. A single point LDV from Polytec [6] has been used for measurements of the wire's longitudinal and radial surface oscillations. The measurement system consists of the optical sensor head OFV-534 which is connected with the OFV-5000 vibrometer controller. The sensor head consists of a laser source, an interferometer and a photo-detector. The most important parts of the vibrometer controller are the decoder units. There is a wide range of available decoders and we have used three different units to cover the complete range of amplitudes and frequencies of the wire vibrations. For the measurements of the longitudinal motion of the wire we have used a VD-02 velocity decoder with a 10 m/s maximum velocity and 1.5 MHz upper frequency limit. Results of our calculations on wire oscillations showed that we could expect longitudinal velocities up to 1 m/s, in a frequency range from 10 kHz to several hundreds of kHz so the VD-02 is an ideal choice to measure this. However, the characteristic frequencies of wire radial oscillations lie between 6 and 11 MHz (depending on the wire radius) so we had to choose a different decoder unit to measure this. In this case our first choice was a DD-300 displacement decoder with the 24 MHz upper frequency limit and an amplitude range from −75 to +75 nm. While the frequency range was perfectly suited to our purpose, the amplitude range only allowed us to measure a radial displacement at relatively low temperatures. After we had made a set of measurements with a DD-300, we continued our high temperature studies with a VD-05 velocity decoder. This decoder has a narrower frequency range (up to 10 MHz) than DD-300 so we were forced to focus on the thicker wires (> 0.35 mm diameter). On the other hand, the VD-05 velocity range is up to 2.5 m/s and this gave us an opportunity to perform measurements of wire radial oscillations at very high temperatures.
Results

Longitudinal oscillations of the wire
Measurements of the longitudinal oscillations of the wire have been performed using VD-02 velocity decoder unit. Figure 3 shows one of the results of these measurements. Dotted line in Figure 3 represents the measured longitudinal velocity of the 4.6 cm long tungsten wire. In this case the wire has been heated by single current pulse with peak voltage of 50 kV, and peak current of 7.75 kA. Measurement result is compared with the result of LS-DYNA simulations (full line). The time scale in Figure 3 starts at t < 0 in order to illustrate a relatively low level of noise of the VD-02 decoder unit. At t = 0 the current pulse begins and longitudinal expansion and contraction of the wire can be clearly seen. The movement of the end of the wire is relatively complicated so additional processing is needed in order to explain all the effects. Figure 4 . The characteristic signature in the FFT spectrum is a fundamental frequency and a set of higher harmonics (denoted in Figure 4 with dashed lines). The fundamental frequency f 0 (and higher harmonics f n ) value depends on material (tungsten) properties and wire length:
where l is the length of the wire, c is the speed of sound, E is Young's modulus and ρ is the density of the material. At least eight harmonics can be clearly seen in Figure 4 (only six of them have been highlighted) and these can be used to precisely extract the value of Young's modulus for tungsten at room temperature. Combining the measured value of fundamental frequency f 0 = (24.3 ±0.3)kHz and the value of the density of tungsten at room temperature from the temperature-dependent parametrization [8] :
where ρ is given in (g/cm3) and temperature in ( o C), we have obtained:
Another feature of the frequency spectrum in Figure 4 is a spectral line at ∼ 85 kHz which cannot be interpreted as a wire fundamental higher harmonic. Figure 5 shows comparison between measured and calculated frequency spectra of the wire longitudinal motion where a disagreement in this frequency region is clearly seen. The 85 kHz line, as well as other details which are not fully reproduced in Figure 4 , confirms that unknown parameters (such as a friction coefficient between the wire and graphite connectors, wire bending, etc...) play an important role in this type of measurements.
However, the main conclusion from these results remains and this is that it is possible to precisely measure the tungsten material properties, the Young's modulus in particular, using the LDV. Figure 6 is a confirmation of this. It is similar to Figure 4 but in this case we used a shorter wire (3.9 cm long), so we should expect higher value of fundamental frequency. This is exactly what was observed; the fundamental frequency of 3.9 cm long tungsten wire is f 0 = (28.3 ± 0.3)kHz which gives E = (376 ± 7)GPa. Comparison between our results and literature data [8] is presented in Figure 7 . Our two results given above are denoted by filled circles in Figure 7 . The error bars result from the combined uncertainties in measured frequency and wire dimension. Open circles show the measurement results obtained with a third, different wire by measuring longitudinal and radial, oscillations at room temperature (details about radial measurements will be given in the next section). All other data points are from literature [8] . When discussing the literature data, it has to be noted that those measurements were usually preformed with tungsten sheets and that the spread of results even for the same group of samples is quite big. This probably results from the complicated way of manufacturing the tungsten. In our case, however, the results lie in a quite narrow region. Moreover, nice agreement between longitudinal and radial measurement results confirms that our methodology is consistent. 
Radial oscillations of the wire
Only the measurements of radial wire oscillations have been used for the material characterization at high temperatures. This is because the longitudinal vibrations are the results of the non-homogeneous temperature distribution along the wire so it is difficult to say what the relevant temperature is. On the other hand, the radial vibrations is influenced practically only by the temperature jump occuring in the wire near the position where the LDV reading was taken (the temperature measurements at this position is straightforward) and the longitudinal effects (including friction, bending, etc...) manifest themselves on a much longer time scale compared to radial effects. We have started radial measurements by taking the data at room temperature in order to compare them with longitudinal measurement results on tungsten Young's modulus (as shown in Figure 7) . It is important to note that we have used two LDV decoder units for this set of measurements, and that they utilise completely different measurements techniques. First data was taken with a DD-300 displacement decoder and one of the characteristic results is shown in Figure 8 . Full line in Figure 8 represents the measured radial displacement of the 0.3 mm diameter tungsten wire as a function of time. One can see that at t = 0 the wire starts to expand and after ∼ 1 µs it reaches a new equilibrium position (∼ 60 nm) and starts oscillating around it. There are a number of pulse reflections later (see Figure 2 ) but their contributions to radial thermal expansion are not big. Dashed lines show the calculated displacement as a function of position along the wire. In this case the displacement is calculated for two points, a few mm apart, around estimated measurement position.
There is a good agreement between the experimental results and calculations, especially if we consider the peak displacement value. However, the shape is different and it depends on the measurement's position at the level of a few mm (and we do not know our measurement's position with such a precision). Also, the LS-DYNA simulations predict visible high-frequency vibrations, something that is not seen in the experiment with 0.3 mm diameter wire except at the very beginning (t < 0.5 µs). We have to note here that it was very difficult to get a decent signal from such a thin wire. In order to avoid the dramatic bending of the wire (as a result of magnetic field effects) and degradation of the reflected beam quality, the wire has to be almost perfectly straight and almost perfectly positioned at the axis of the system. We have found that 0.3 mm diameter wire is not 'robust' enough and even small imperfections resulted in wire off-axis movement. This is the reason that, with 0.3 mm wire, we have got the best signal/noise ratio only when measuring its radial motion near the fixed ('cold') end as shown in Figure 8 . The situation was much better with thicker wires. Figure 9 (top) shows radial displacements of the 0.5 mm diameter wire as a function of time and applied current. Except for the fact that displacement increases with increasing current (as expected), one can see that high frequency oscillations are much more prominent for higher current values. This can be seen in Figure  9 (bottom), together with almost perfect agreement between the measured frequency (6.85 MHz) and LS-DYNA prediction. It must be noted here that the obtained frequency spectra lie on top of each other but they were scalled down and up in Figure 9 in order to show the rise of the 6.85 MHz line with increasing current.
The measured radial frequency f can be used to extract the value of Young's modulus of tungsten using the formula [9] :
where r is the wire radius, ρ is the density (see formula 3) and ν is Poisson's ratio for tungsten which depends on temperature (in 0 C) in a following way:
ζ is the root of the following Bessel function [9] :
and its dependence on Poisson's ratio, for ν < 0.5, can be parametrized as:
The obtained value of Young's modulus of tungsten is shown as one of the open circles in Figure 7 . As can be seen, there is a full agreement between the results from radial and longitudinal measurements at room temperature. Unfortunately, the amplitude range of the DD-300 decoder unit (±75 nm) was a limiting factor for high temperature measurements. Even at room temperature, the surface displacement reaches almost the limit of this decoder range (see Figure 8) . At higher temperatures, the tungsten resistivity is greater, so the temperature rise per pulse is higher. As a result, the reading of the DD-300 unit goes into saturation.
Of course, it is still possible to perform the measurements of the radial vibration frequency as a function of temperature but the vibrometer signal is distorted and it is impossible to see expected frequency change as a function of temperature.
Tungsten properties at high temperature and high stress
The VD-05 velocity decoder unit was found to be much better suited for the high temperature measurements and the first step was to repeat the measurements and check the results obtained at room temperature. The results are shown in Figure 10 . Top plot in Figure 10 shows the radial velocity of the 0.5 mm diameter tungsten wire as a function of time for 50 kV peak voltage while the bottom plot shows the same but for 60 kV peak voltage. The full lines represent the results of LS-DYNA simulations. Again, the time scale starts at t < 0 in order to illustrate a signal to noise ratio. In this case, the noise is relatively high, so it is difficult to draw final conclusion about the agreement between the data and calculation results, except that general features are fully reproduced (peak velocity value, time scale and ratio between the velocity amplitudes during the first current pulse and after it). At t = 0 the current pulse arrives and the wire starts first to contract (because the magnetic pressure effect is dominant at the beginning of the pulse) and then to expand. After confirmation of the results obtained with the previous decoder (using a different experimental technique, in fact) we started taking data at high temperatures. High temperature measurements are the most important goal of this study because this places the material sample under high thermal stress conditions as expected at the Neutrino Factory. A characteristic set of the high temperature results is shown in Figure 11 . Visual inspection of Figure 11 can reveal many interesting features, such as peak velocity rise with temperature, visible change of frequency of wire vibrations as a function of temperature, relatively small influence of current pulse 'reflections' on wire motion and relatively good signal/noise ratio. But, we have to emphasize, again, the most important thing is that we are measuring material properties at the exact conditions expected in a real target at the Neutrino Factory. For the two highest temperatures shown in Figure 11 , the equivalent stress in the wire is equal or bigger than in the beam-target case at the Neutrino Factory (calculated to be ∼ 300 MPa). Moreover, almost perfect visibility of the wire high-frequency vibrations gives us a chance to precisely measure the Young's modulus of tungsten under these extreme conditions. We have performed an extensive set of measurements of wire radial frequency and using formulae 3, 4, 5 and 7 we have obtained the values of tungsten's modulus of elasticity over a wide range of temperatures. Figure  12 shows the Young's modulus of 0.5 mm diameter tungsten wire as function of temperature for three different peak currents. One can see that the modulus of elasticity decreases with increasing temperature. More importantly, we can conclude that the behaviour of the Young's modulus of tungsten does not depend on the induced shock. We have tested wires of different sizes, and the radial velocity of the 0.38 mm diameter wire is shown in Figure 13 (bottom, dotted line). There are two reasons why this measurement is particularly interesting. First, the wire diameter of 0.38 mm is practically the lower limit for the application of this experimental method (for the tungsten wires) and, which is much more important, the wire in this case was stressed well above the Neutrino Factory level. The equivalent stress hre was calculated to be 560 MPa while at the Neutrino Factory we expect ∼ 300 MPa. The LS-DYNA result (full line) nicely follows the experimental data. This is also illustrated in Figure 14 where the comparison is shown between the measured and calculated radial frequency spectra (only the region of interest is plotted). We can notice that the characteristic frequency of radial vibration of 0.38 mm diameter wire is higher than for 0.5 mm diameter wire. Second, the difference between experiment and simulation is at the level of a fraction of a percent which is additional proof of the quality of both the experimental method and simulation procedure. Figure 15 summarizes our results of tungsten Young's modulus measurements as a function of temperature. Filled circles in Figure 15 shows Young's modulus of 0.38 mm diameter wire. The highest temperature has been reached with 0.75 mm diameter wire. If the tungsten wire is thicker than 0.5 mm and because of the mechanism of current penetration, the level of shock can be sufficiently high only at very high temperatures. Also, results for 0.75 mm wire are different from 0.5 and 0.38 mm (these two are quite similar). We can interpret this simply as a confirmation of the fact that different wires can have different values of Young's modulus. The different wires in our case are wires with different diameters so the details of the manufacturing process can play an important role.
However, closer inspection of Figure 15 reveals that maximum value of sample-to-sample difference is at the level of 10% or smaller. This fact is much better illustrated in Figure 16 where our experimental results (shown as the filled circles) are compared with existing data. The line in Figure  16 represents the result of a fit to the results obtained in previous so-called dynamic measurements [8] . One can see that our measurements show that Young's modulus of tungsten remains high at high temperatures and high stresses. 
Discussion
When discussing measured tungsten properties as a function of temperature, it should be noted that results depend on a set of parameters that define the material behaviour (electrical conductivity, coefficient of thermal expansion, etc ...). All of these are temperature dependent. However, if we choose the characteristic frequency as a measured observable we reduce this multi-parameter phase space to only three degrees of freedom: modulus of elasticity, density and Poisson's ratio (see Equation 4 ). The Poisson's ratio and tungsten density depend on temperature relatively weakly (see formulae 3 and 5) and definitely more weakly than the Young's modulus. Because of this we have chosen the Young's modulus to be variable which represents the change of tungsten behaviour with temperature. Also, Young's modulus is directly related to applied stress which is additional important information needed for the interpretation of obtained results.
Our measurements of tungsten material properties were dynamic and with relatively high strain-rates. This is a reason why our results are significantly different from the static measurements (see Figure 16) . From the point of view of the Neutrino Factory solid target concept, it is important that we have tested our tungsten samples under conditions as close as possible to those expected at the Neutrino Factory. We induced the same level of shock and operated the wire in the same temperature region. Also, the wire vibrations in our experiment lie in the frequency region from tens of kHz up to tens of MHz. Dimensions of a single Neutrino Factory tungsten target are planed to be ∼ 2 cm in diameter and 20 cm in length, and it will vibrate dominantly in the frequency region around 10 kHz, so here too we have quite a good matching. This is why we expect to see that tungsten's modulus of elasticity remains high under the Neutrino Factory conditions too. Finally, one of the goals of this experiment was to confirm our modelling results because the simulations were the most important tool used in the interpretation of the recently published lifetime tests [2] . Figures 3, 5, 8, 9 , 10, 13 and 14 show that all general features of the measurement results (peak velocity/displacement value, time dependence, effect of the first current pulse and following pulse reflections, etc ...) are correctly predicted and fully reproduced.
Conclusions
We have performed an extensive set of measurements of the surface displacement and velocity of tungsten wires at high temperature and high stress. Stress was induced by passing a fast, high current pulse through a thin wire and radial and longitudinal motion of the sample were measured by a Laser Doppler Vibrometer. The wire was operated at temperatures of 300 − 2500 K by adjusting the pulse repetition rate. In doing so we have tried to simulate the conditions (high stress and temperature) expected at the Neutrino Factory. The most important result of this study is that Young's modulus of tungsten remains high at high temperature and high stress. The experimental results have been compared with modelling results and we have found that they agree very well. This means that the results of previous lifetime tests have been confirmed.
